We evaluate particle production in highly asymmetric head-on collisions of lasers pulses due to non-perturbative coherent action of many photons. We obtain the yield of electron-positron pairs, which is controlled by the photon content of the weaker pulse, and show that the wavelength of the weaker pulse and the momentum asymmetry determine laboratory energy of the produced particles. 11.15.Tk, 
Overview. There is great interest in using lasers to produce beams of high energy particles. We have previously shown that lasers can create electrons and positrons with high initial energies by spontaneous decay of the electromagnetic field [1] , which requires extreme laser intensities to produce a significant number of particles. Time dependence of the laser pulses can also induce pair production. Circumstances where this process can add to the spontaneous process have already been reported [2, 3] . Here we show that with high energy pulsed lasers available today the induced process by itself can produce a large number of electron-positron pairs with ultra-high initial energies.
The coherence of the laser pulses means the centerof-momentum (CM) frame of a collision of laser pulses is defined by balancing the collective momentum of the photons in both pulses. Therefore, the CM frame moves relative to the lab in the direction of propagation of the stronger pulse. By choosing the boost γ to the CM frame to Doppler-shift the frequency of the weaker laser field above threshold ω > 2mc 2 = 1 MeV (tildes mark quantities evaluated in the CM frame, and the background field provided by the other pulse can induce conversion of these MeV photons into electron-positron pairs.
With eV-frequency laser pulses in the lab, a minimum boost γ ∼ 10 6 is required to achieve threshold for electron-positrons pairs. This implies we must consider in the laboratory frame (lab) a head-on collision of two laser pulses with momentum densities differing by a factor γ 2 ≃ 10 12 [4] . The energy of the pairs in the lab is necessarily γ 2 eV, i.e. TeV scale. The appearance of the squared boost factor is analogous to the relativistic mirror effect: Going to the CM frame reveals the electronpositron pairs latent in the photons of the weak pulse, which can be reflected by the coherent field of the strong pulse. We expect this effect is more robust than reflections of laser pulses from clouds of electrons, which suffer from incoherence of the mirror realization.
Conversion of MeV photons to pairs in a background field is described by the established perturbative O(α/π) expression for the total yield (summed over spins) [5, 6] 
Here, α = e 2 /4π is the fine-structure constant, E(k), B(k) are the Fourier transforms of the electromagnetic fields, and Θ(x) is the unit step function. R 2 (k 2 ) is the invariant 2-body phase space for fermions. Pairs can be emitted only from the volume where the pulses overlap, because in a collision between a strong (s-subscript) and weak (w-subscript) linearly polarized pulse with aligned polarizations,
Σ (1) in Eq.
(1) being a linear function of | E s · E w | shows that only one photon from each laser pulse contributes to each pair produced in the lowest order process evaluated in the CM frame. We achieve a result non-perturbative in photon number in lab by being naturally compelled to work in a relativistic frame of reference where the dominant contribution comes from the term lowest order in α/π. In this sense, our technique is inspired by the infinite momentum frame formalism. A strong field non-perturbative result becomes perturbative upon transforming into a frame of reference very near to the lightcone to identify participants in the interaction. Indeed, the high energy of the produced pairs in the lab implies that N γ ∼ 10 12 photons have been absorbed from the strong pulse.
Past work on pair production in head-on collisions of laser pulses has mainly addressed symmetric collisions [7] [8] [9] [10] [11] . Eq. (1) does not describe the yields in this case, requiring for the induced pair production process evaluation of non-perturbative processes which permit collective action of γ 2 photons combining into one pair [12] [13] [14] . Only for highly asymmetric collisions, leading to the presence in the CM frame of above threshold energies, is the perturbative expression Eq. (1) physically meaningful. Even though Σ (1) is a Lorentz invariant quantity and could be evaluated in any frame, application of this expression is restricted to physical circumstances which permit perturbative consideration.
Collision dynamics in the CM frame. The Lorentz factor for the boost to the CM frame is γ = (r + r −1 )/2, γv = (r − r −1 )/2, a function only of the ratio r of pulse field strengths in the lab frame [1] . We adopt the convention that r > 1, i.e. r = | E s |/| E w |.
Note that the intensity of a pulse is the magnitude of its Poynting vector | S| = | E × B| = ω 2 a 2 m 2 where a = e| A|/m the dimensionless laser amplitude of the laser pulse vector potential and ω is the pulse frequency. The ratio of intensities therefore scales with r 2 . For the intensities to transform consistently, the laser amplitudes must transform asã The Doppler factor is γ(1 ± v) = r ±1 . For the weak pulse to be Doppler-shifted to an above-threshold frequency, r must satisfy
The Lorentz boost transforms the dynamics of the pulse collision by changing the unit proper time interval dτ , which in the CM frame is γdτ = dt, and the relative lengths of the pulses. The blue-shift of the wavelength of the weak pulse means its total length is contracted L w = L w /r. The wavelength of the strong pulse is redshifted to being quasi-constant,λ s = rλ s and hence its total length is dilatedL s = rL s . We shall see that the weak pulse can travel through the strong pulse for as long as it takes to convert most of its photons into pairs.
Viewing the collision in the CM frame and recalling that Σ (1) ∝ | E s · E w |, we see that pair production occurs only in the compact region of the high frequency blue-shifted weak pulse as it traverses the quasi-constant red-shifted external field of the strong pulse. The peak intensities of the two pulses are equalized in the CM frame. The boosted intensity of the contracted weak pulse can be represented by its average, while the intensity of the dilated strong pulse rises and falls very slowly with the phase of the wave.
Rate of Conversion into Pairs. To determine the rate of conversion of coherent electromagnetic field into pairs, we consider the electromagnetic 4-momentum density,
being the only local conserved current available in the present context. Here, T µν is the total electromagnetic energy-momentum tensor of the laser fields, and u ν defines the hypersurface of the observer, becoming u ν = (1, 0) in the lab.
Depletion of 4-momentum density of the strong and weak laser fields due to pair production is compensated by the 4-momentum density of created pairs,
We obtain the rate of 4-momentum transfer into created pairs by weighting the integrand of the pair yield Eq. (1) with the 4-momentum k ν ,
x describes the rate per unit time and space at which 4-momentum is extracted from the field in the frame characterized by u ν , and Eq. (5) becomes
Evaluating Eq. (7) in the CM frame simplifies both sides to their 0-components: For the left-side, the electromagnetic 3-momentum vanishes by virtue of having balanced the laser pulse momenta,
where ε is the energy density evaluated in the CM frame.
For the right side of Eq. (7), the ensemble of pairs has zero (average) net 3-momentum, ˜ u ·˜ Σ (1) = 0. Therefore, in the CM frame Eq. (7) is
The
(the coefficient 4 arises from |2
This expression, being symmetric in the weak and strong pulse, shows that the energy of both pulses is depleted simultaneously. In detail, the high energy and momentum of the produced pairs moving in the lab frame in the direction of the strong pulse requires that r 2 as much energy is derived from the strong pulse for each pair. Because the strong pulse is r 2 times as intense, r as a function of time is unchanged by pair production and depends only on the rise and fall of the (background) strong pulse field in the CM frame, which is slow relative to the pair production dynamics.
The energy density ε in the CM frame is obtained by writing the 4-vector momentum density as a unit vector multiplied by the magnitude, the invariant mass density p 2 e.m. , thus
Plugging Eqs. (10) and (11) into the right side of Eq. (9) gives a rate of attenuation of energy
proportional to the source. For quasi-constant r > r th , we find an exponential attenuation law
This expression is symmetric with respect to the strong and weak pulses. However, the intensity asymmetry of the pulses results in the frequency asymmetryω s /ω w = ω s /r 2 ω w in the CM frame, and the rate is primarily determined by the weak beam,ω w +ω s ≃ω w .
Pair production sets in as the local r nears r th from below. Once reaching r th conversion of the pulses into pairs proceeds rapidly. Achieving e.g. 3 times threshold energy in the CM frameω w = 3MeV from a 2 nd harmonic ω w = 4.7 eV (r = 6.5 10 5 ), the rate Λ corresponds to a lifespan of the system of τ = 4 10
−20 s in the CM frame and a time t 0 = 14 fs in the lab frame. This estimate shows that even within the fraction of the cycle of the strong pulse during which r > r th a significant fraction of all energy in the pulses is converted into pairs. Onset of pair production is made definite by having a pulse intensity front contrast ratio > r in the strong pulse, so that its intensity switches within fraction of a cycle from r below threshold to r above threshold.
Pair conversion in this context relies on the coherence of the laser pulses. Though pairs are emitted as soon as the weak pulse touches the front of the strong pulse, photons from the entirety of each pulse are involved. If the coherence length of the strong pulse is less than t 0 , conversion to pairs will be considerablely less efficient, which favors short pulses for experimental implementation. Focusing increases the intensity available in the strong pulse and hence the factor r, which must be large ∼ 10 6 for the mechanism here to operate.
Colliding Gaussian Beams. For a specific model case, we choose two colliding Gaussian beams with aligned polarizations. The lengths of the pulses L s , L w determine the longitudinal dimension and duration of the collision provided they are smaller than the respective Rayleigh lengths of the beams. Both beams are near to their maximum focusing throughout the collision if the pulse lengths are less than one quarter the Rayleigh lengths. To separate transverse focusing dynamics from the collision volume, we therefore require that for each pulse
where L ⊥ is twice the beam waist. The condition Eq. (14) permits us to consider the longitudinal dynamics as primarily controlling the field strengths in the collision volume. We apply Gaussian envelopes to both pulses. The strong pulse is so highly red-shifted that only the shape of the front matters. With polarization vector ǫ transverse to the direction of propagation, the vector potentials of the pulses are in position space
the upper sign applying to the weak pulse and the lower sign applying to the strong pulse. The Fourier transformed fields are then
Here, ω ± ≡ω w ±ω s , and can be replaced ω ± →ω w to very good approximation, as noted below Eq. (13) . Because L ⊥ ≫ m −1 and L ⊥ is unaffected by the transformation to the CM frame, the transverse momentum distribution is well-approximated by a δ-function (numerical results are indistinguishable). WithL s ≫ m −1 the longitudinal shape of the highly red-shifted strong pulse similarly becomes unimportant.
To evaluate the rate of particle production Eq.
(1), we use Eq. (17) in Eq. (1), and in the limit L ⊥ , L s → ∞
(r th /r) Figure 1 the numerically computed pair yield per unit of volume Eq. (18) for weak pulse lengths L w = 40λ w and 400λ w and for comparison the approximation R 2 = 1 used in Eq. (10) . The shorter pulse length exhibits its finite width by the onset of particle production below threshold, i.e. crossing the cutoff marked by the R 2 = 1 curve. We see the rate is enhanced by using the 2 nd harmonic of the weak pulse rather than equal strong and weak pulse frequencies ω w = ω s = 1.17 eV. Considering the typical interaction volume λ 2 /e where spontanous pair production could occur.
Conclusions. We have presented a non-perturbative evaluation of induced electron-positron pair production from contemporary extreme-intensity pulsed lasers. In asymmetric collisions of laser pulses, above-threshold energies are seen by going to the CM frame of the collision while strong external fields are generated by coherent action of a macroscopic number of photons. The presence of the strong external potential inducing conversion into pairs is a feature found also in the context of the heavy ion collisions near to the Coulomb barrier [15, 16] .
Prior work has noted that induced pair production requires non-perturbative treatment to account for the many-photon process [12] [13] [14] . We have solved this challenge with a technique inspired by light-cone formalism: While the pulse collision can be studied in any frame, choosing the CM frame of highly asymmetric colliding pulses makes visible the dominant mechanism for the induced pair production-pair conversion of MeV-energy photons on an external field-and allows computation of the yield using available perturbative expressions [5, 6] . The boost into and out of the CM frame produces a relativistic mirror effect and pairs are seen in the lab with energies corresponding to the squared boost factor. Electron-positron pairs produced by collisions of optical lasers appear in the lab with (10 6 ) 2 eV = TeV energy. A full evaluation of the spectrum requires more precise treatment of the back reaction process [17] as well as the dynamics of the strong laser field.
Our result potentially offers a source of focused ultrahigh energy elementary particle beams. For preset ratio of intensities, the scale of particle energy can be controlled by modifying the frequency of the weak laser pulse. The particle production cross-section scales with m −2 as for other elementary processes, leading for example to the production of 1 muon-anti-muon pair per 40,000 electron-positron pairs when threshold for muon production is reached. Although the threshold intensity ratio for muon production r 2 th,µ ∼ (2 10
8 ) 2 appears a technological challenge, the reward is production of muonanti-muon pairs of 40 PeV energy in the lab, a previously unreachable energy.
